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ABSTRACT Promiscuous plasmids like IncP-1 plasmids play an important role in the
bacterial adaptation to pollution by acquiring and distributing xenobiotic catabolic
genes. However, most information comes from isolates and the role of plasmids in gov-
erning community-wide bacterial adaptation to xenobiotics and other adaptive forces is
not fully understood. Current information on the contribution of IncP-1 plasmids in com-
munity adaptation is limited because methods are lacking that directly isolate and iden-
tify the plasmid borne adaptive functions in whole-community DNA. In this study, we
optimized long-range PCR to directly access and identify the cargo carried by IncP-1
plasmids in environmental DNA. The DNA between the IncP-1 backbone genes trbP and
traC, a main insertion site of adaptive trait determinants, is amplified and its content an-
alyzed by high-throughput sequencing. The method was applied to DNA of an on-
farm biopurification system (BPS), treating pesticide contaminated wastewater, to
examine whether horizontal gene exchange of catabolic functions by IncP-1 plasmids
is a main driver of community adaptation in BPS. The cargo recovered from BPS com-
munity DNA encoded catabolic but also resistance traits and various other (un)known
functions. Unexpectedly, genes with catabolic traits composed only a minor fraction
of the cargo, indicating that the IncP-1 region between trbP and traC is not a major
contributor to catabolic adaptation of the BPS microbiome. Instead, it contains a
functionally diverse set of genes which either may assist biodegradation functions, be
remnants of random gene recruitment, or confer other crucial functions for prolifera-
tion in the BPS environment.

IMPORTANCE This study presents a long-range PCR for direct and cultivation-independ-
ent access to the identity of the cargo of a major insertion hot spot of adaptive genes
in IncP-1 plasmids and hence a new mobilome tool for understanding the role of IncP-1
plasmids in complex communities. The method was applied to DNA of an on-farm bio-
purification system (BPS) treating pesticide-contaminated wastewater, aiming at new
insights on whether horizontal exchange of catabolic functions by IncP-1 plasmids is a
main driver of community adaptation in BPS. Unexpectedly, catabolic functions repre-
sented a small fraction of the cargo genes while multiple other gene functions were
recovered. These results show that the cargo of the target insertion hot spot in IncP-1
plasmids in a community, not necessarily relates to the main obvious selective trait
imposed on that community. Instead, these functions might contribute to adaptation to
unknown selective forces or represent remnants of random gene recruitment.
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Horizontal gene transfer (HGT) plays an important role in bacterial adaptation to or-
ganic xenobiotics by promoting the dissemination of catabolic genes between dif-

ferent community members. This can accelerate the distribution and even in vivo con-
struction of novel metabolic pathways in bacteria (1–3). HGT is mediated by mobile
genetic elements (MGEs) and the collective pool of MGEs in an environment is referred
to as the mobilome. The mobilome includes MGEs such as (conjugative) plasmids,
transposons, integrons and insertion sequences (IS). A group of mobile elements that
appear key in catabolic adaptation of environmental communities is the group of the
IncP-1 plasmids. IncP-1 plasmids are known for their broad host range, their highly pro-
miscuous nature and their often large accessory gene regions and hence high poten-
tial to promote the intra- and interspecies exchange of genetic material (4, 5). The
accessory regions carry the genes that ensure the adaptation and survival of bacteria
to their local environment such as the exposure to abiotic and biotic stressors. For
instance, in organic xenobiotic-degrading bacteria, the catabolic genes are often cargo
of IncP-1 plasmids (6, 7). The importance of IncP-1 plasmids in community adaptation
in contaminated environmental settings is further suggested by their high abundances
and diversity in several of such settings as revealed by canonical or quantitative PCR (8,
9). However, the plasmid-related processes that govern adaptation in complex com-
munities are not yet fully understood. Especially, key knowledge gaps exist about the
nature of the cargo genes that such plasmids carry and distribute in complex commun-
ities. Indeed, as for other plasmids, current information on the contribution of IncP-1
plasmids in community adaptation in a certain environment is mainly based on isolates
originating from that environment or occasionally from exogenous plasmid isolation
(10–12). These approaches are prone to biases since they involve cultivation and selec-
tion for specific traits, thus introducing a bias in the cargo of the plasmids toward that
trait which in reality might only represent a minor fraction of the diversity (10). To ac-
quire a holistic community-wide picture of the identity of the IncP-1 cargo genes and
how gene acquisition by IncP-1 plasmids affects community diversification, cultivation-
independent analysis techniques are required that directly indicate the plasmid borne
adaptive functions in community DNA. However, such methods are currently lacking.
Approaches like shot-gun metagenomics are often unsuitable to link gene function
with plasmid vectors, especially when it concerns rare populations within the commu-
nity (13). Alternatively, community-wide plasmid isolation and sequencing can be
applied but recovering larger plasmids like IncP-1 plasmids, comes often with difficul-
ties (14). Clearly, the availability of cultivation-independent methods that identify cargo
genes of IncP-1 plasmids in community DNA would add greatly to our understanding
of the role of IncP-1 plasmids in microbial community adaptation in contaminated
environments as well as in other ecosystems.

Long-range PCR (LR-PCR) refers to the amplification of long DNA fragments that can-
not typically be amplified by routine PCR methods or reagents. It is mainly used for clon-
ing larger DNA fragments, genome mapping and sequencing and contig construction
(15). However, LR-PCR also provides opportunities for targeted culture-independent
metagenomic analysis of microbial communities in ecology-oriented studies (16–18).
Indeed, when combining LR-PCR with high-throughput sequencing of the amplicons, it
allows us to enrich for and collect sequence information on specific subsets of the
genetic material in an environment. This is of particular interest for highly diverse mi-
crobial ecosystems with potentially small fractions of functionally relevant bacteria,
which could be easily missed by traditional shotgun sequencing. In this study, in anal-
ogy to the method that we previously reported to capture and identify IS1071 associ-
ated cargo from environmental DNA (eDNA) (16), we here present a LR-PCR method to
recover and sequence cargo genes carried by IncP-1 plasmids. The method makes use
of the highly conserved modular structure of IncP-1 plasmids (Supplemental material
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Fig. S1) characterized by two distinct hot spots for insertion of cargo genes in the IncP-
1 backbone, i.e., between the trb and tra-operon (accessory region 1) and between trfA
and the origin of replication (oriV) (accessory region 2) (17). These predictable locations
of cargo genes on IncP-1 plasmids allows designing primers that anneal to the con-
served backbone gene sequences flanking the cargo in LR-PCR which then will specifi-
cally amplify the cargo region. In this study, we focused on accessory region 1 located
between the trb and tra-operon. The novel LR-PCR assay was used to examine the
question which gene functions are actually carried within accessory gene region 1 of
IncP-1 plasmids hosted by the microbial community of an on-farm biopurification sys-
tem (BPS). BPS treat pesticide contaminated wastewater originating from filling and
cleansing of pesticide spraying equipment at the farm yard or from postharvest proc-
essing of agricultural produce (18). They are considered a time-, labor- and cost-effi-
cient technology to control pesticide point source contamination of surface waters. In
the BPS, the wastewater is filtered through a so-called biomix consisting of soil and or-
ganic waste. The pesticides are either removed by sorption and/or biodegradation, of
which biodegradation to innocuous products is the most preferred (19). Microbial deg-
radation has indeed been observed in BPSs, but the mechanisms involved in its estab-
lishment are poorly understood (18). Given the high pesticide loading rates of BPSs, it
can be hypothesized that the BPS environment provides highly selective conditions for
in vivo genetic adaptation of microbiota toward catabolism of pesticides and prolifera-
tion of pesticide degrading bacteria involving HGT (8, 16). Several recent studies sug-
gest that IncP-1 plasmids are implicated in community adaptation in the BPS environ-
ment. Abundances of IncP-1 marker genes are exceptionally high in the BPS matrix (8,
20, 21). Moreover, recently we showed the high incidence of xenobiotic catabolic
genes as cargo of composite transposons flanked by the IS element IS1071 in a BPS
environment (16). Since IS1071 associated composite transposons carrying xenobiotic
catabolic genes are often located on IncP-1 plasmids in isolates, their high incidence in
the BPS environment might be due to recruitment by IncP-1 plasmids. The examined
BPS was a long-term operational (.3 years) BPS located on a farm in Kortrijk, Belgium
(BPS Kortrijk), with analyzed samples taken over the course of the agricultural season
of 2011. The same BPS and samples were previously scrutinized regarding their com-
munity composition, IncP-1 diversity, and cargo of IS1071 flanked composite transpo-
sons (16, 21–23). Given the high and continuous pesticide exposure of a BPS, we
hypothesized that the recovered LR-PCR amplicons, and hence accessory region 1 of
IncP-1 plasmids hosted by the BPS microbial community, would be strongly enriched
in pesticide catabolic genes.

RESULTS
Optimization of LR-PCR to recover IncP-1 plasmid accessory region 1 genes

from eDNA. To amplify accessory region 1 of IncP-1 plasmids, the backbone genes traC
and trbP were chosen as targets for the LR-PCR primers. As detailed in Supplementary in-
formation, these two genes were the most ubiquitous flanking backbone genes of this
accessory region within the used reference IncP-1 plasmid set. In several plasmids, trbP
not always directly flanked accessory region 1 as other backbone genes like parA, upf30.5
and upf31.0 intervened between trbP and the accessory region meaning that these genes
might be co-amplified. As the sequences of trbP varied between different IncP-1 sub-
groups, a consensus primer set that targets the accessory region 1 could only be
designed for the subgroups b , « and d , and not for the subgroups a,g, and z which are
though much less frequently found in environmental habitats. Details about the match-
ing of the selected primer sequences with target and nontarget plasmids are further
reported in Supplementary information. The LR-PCR was tested on IncP-1 reference plas-
mids belonging to the main five IncP-1 subgroups -a, -b , -g, -d , and -« (Fig. S2). As
intended, amplification of the expected fragment was successful for the target sub-
groups b , « and d (including pAKD4) (see green arrows Fig. S2 and Fig. 1). The cutoff
value of amplicon size appears to be around 21 kb since no amplicons were obtained
when using template DNA of plasmids containing accessory 1 regions longer than 20 kb,
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even when increasing the elongation time. Small unexpected amplification products,
though, were observed with several plasmids (see red and yellow arrows Fig. S2). As out-
lined in the Supplementary information, many of these PCR products, i.e., the amplicons
indicated by red arrows in Fig. S2, could be explained by the presence of an 8- to 12-bp
sequence within traC that matches the 39 end of the trbP_LR primer sequence gene,
upstream of the traC_LR primer annealing sequence. Other small amplicons (indicated in
green in Fig. S2), except for an around 800 bp amplicon recovered with pI2 and pTB30,
could be explained by 39 end trbP_LR primer matching sequences in other genes located
just upstream of traC, including a 8 bp matching sequence in IS1071 (Table S2). No suita-
ble primers could be found that avoided the amplification of these extra internal plasmid
fragments. Since (i) the amplification of these fragments did not hamper the amplifica-
tion of accessory region 1, (ii) the traC_LR primer proofed to be highly specific and hence
only a fragment can be amplified that extends from traC in the direction of trbP, and (iii)
the majority of these amplicons can be easily explained and recognized by agarose gel
electrophoresis and sequencing, it was decided to continue with the trbP_LR and
traC_LR primer set. As a proof of concept to recover IncP-1 accessory genes from eDNA
and to determine the detection limit, the trbP_LR/traC_LR primer set was used in LR-PCR
on eDNA isolated from BPS Kortrijk material that was spiked with a 10-fold dilution series
of E. coli containing plasmid pNB8c. This plasmid carries the catabolic gene cluster
dcaRQTA1A2BC in accessory region 1. An amplicon was recovered of the expected size of
around 21 kb. To confirm the identity of the amplicon, the LR-PCR product was digested

FIG 1 Agarose gel electrophoresis of IncP-1 accessory region 1 LR-PCR amplicons recovered from BPS Kortrijk samples taken in
the course of the agricultural season of 2011. Samples from BPS Kortrijk were taken in March, July, September and December. At
each time point. high molecular weight eDNA was isolated from four samples taken at four different positions (compartments 1–
4) of the BPS and used as the template for LR-PCR. Plasmid DNA of IncP-1 plasmids pNB8c (b), pKJK5 (« ) and pAKD4 (d ) were
included as positive controls with expected amplicon sizes of, respectively, 20.9, 17.2 and 12.3 kb (red arrows). A nontemplate
control was included as negative control (neg. ctr). To estimate amplicon sizes a lane (L) containing GeneRulerTM 1 kb plus DNA
ladder was included.

Dunon et al. Applied and Environmental Microbiology

February 2022 Volume 88 Issue 3 e01648-21 aem.asm.org 4

https://aem.asm.org


with the restriction enzyme AhdI followed by Southern blotting hybridization using dcaQ
as a DNA probe. The expected hybridization pattern was obtained (data not shown). The
detection limit was around 105 copies of pNB8c per gram of sample material (data not
shown).

Diversity of accessory region 1 LR-PCR amplicons originating from BPS eDNA:
general observations. The optimized LR-PCR was used to determine the diversity of
the IncP-1 accessory 1 region in matrix samples of BPS Kortrijk taken before, during and
after the spraying season. As a first measure of diversity and its seasonal dynamics, the
size range of the LR-PCR amplicons was determined by agarose gel electrophoresis.
Amplicon sizes ranged between 2.5 and 15 kb and highly similar size profiles were
observed between sampling positions and sampling time points (Fig. 1). To guarantee
sufficient DNA for sequencing, the eDNAs from all samples taken in July and September
were pooled (1:1 volume ratio for all samples) in one composite eDNA sample for high-
throughput Illumina sequencing. This is justified since the July and September samples
represented samples taken at the height of the spraying season. MetaSPAdes assembled
the reads into 333 contigs with lengths ranging between 0.5 and 9.6 kb, yielding 499 kb
of unique sequence (Table 1). Using BLASTn, sequences were searched that are expected
at the traC and trbP flanking sides of the amplicons, i.e., traC sequences at the traC side
and trbP/upf30.5/upf31.0/parA sequences at the trbP side. In total partial traC and trbP/
upf30.5/upf31.0/parA sequences were found on sequence ends of, respectively, 5 (contigs
1, 21, 64, 86, and 190) and 10 contigs (contigs 14, 44, 62, 64, 121, 241, 259, 291, 319, and
327) (Table 1). Contig 64 contained part of traC at one end and part of upf31.0 at the
other end indicating that it contained the complete accessory region 1. One contig, i.e.,
contig 317, appeared to be generated by binding of the trbP_LR primer with the nonca-
nonical traC internal trbP_LR binding site since it started with the traC_LR primer site
and ended with the traC internal trbP_LR binding site. Recovered traC/trbP/upf30.5/
upf31.0/parA backbone sequences related either to IncP-1b (9 contigs), IncP-1« (4 con-
tigs) or IncP-1d (2 contigs) plasmid subgroups.

Identification of accessory genes on metagenomic IncP-1 LR-PCR amplicons.
Gene prediction by RAST identified 430 unique ORFs (Table 1), three tRNA sequences
and three rRNA sequences. BlastKOALA was used to assign KEGG Orthology (KO) iden-
tifiers to the ORFs and to classify the KOs into functional categories (Fig. 2). A KO was
assigned to 31.9% (137 ORFs) of the ORFs. However, 46.7% (64 ORFs) of the ORFs that
were assigned a KO, were not assigned to a specific functional category. Dominant
functional categories identified by BlastKOALA, were amino acid metabolism (14 ORFs),
carbohydrate metabolism (13 ORFs), glycan biosynthesis and metabolism (9 ORFs),

TABLE 1 Summary of the analysis of the sequencing data obtained from the IncP-1
accessory region 1 LR-PCR amplicons recovered from BPS Kortrijk eDNAa

Description Value
Clean sequencing data (Mbp) 521
Assembled sequence data (kb) 499
Contigs 333
Size range of contigs (kb) 0.5 – 9.6
N50 (bp) 1930
Contigs with traC end 5
Contigs with trbb end 10
Contigs with traC and trbb end 1
ORFs 430
ORFs with KO 137
ORFs with known function BLASTp (nr) 274
ORFs with known function BLASTp (UniprotKB) 233
ORFs with HMM 279
aContigs with IncP-1 remnants and the number of open reading frames (ORFs) were predicted by RAST.
Annotations of the ORFs were made by assigning either a KO number using blastKOALA or a known protein
function using BLASTp or the retrieval of Hidden Markov Models (HMM) using hmmscan.

bContigs containing (parts of) trbP, upf30.5, upf31.0 or parA genes are considered IncP-1 backbone markers for
the trb-operon insertion site.
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energy metabolism (8 ORFs), metabolism of cofactors and vitamins (8 ORFs), and mem-
brane transport (8 ORFs). The category xenobiotic degradation and metabolism
included four ORFs while the antimicrobial drug resistance category contained three
ORFs (Fig. 2). Two of the four ORFs assigned to the category xenobiotic degradation
and metabolism were assigned exclusively to this category, encoding a putative N-eth-
ylmaleimide reductase (ORF152) and a putative amidohydrolase (ORF308). The other
two ORFs encoded a gluconolactonase (ORF126) and a glutathione S-transferase
(ORF337) and were assigned to different functional categories.

More in-depth analysis of the ORFs was achieved by examining the presence of
Hidden Markov Models (HMM) using hmmscan and protein similarities by BLASTp
searches against the UniProtKB database. HMM hits were found for 64.9% of the ORFs
whereas BLASTp analyses resulted into a hit rate of around 58% independent of the
database used (supplementary annotation file). Several recovered functions related to
typical accessory traits found on IncP-1 plasmids such as xenobiotic degradation (12
ORFs) and resistance mechanisms (9 ORFs). Xenobiotic degradation functions com-
prised both upper and lower catabolic pathways (Table 2). Putative upper pathway

FIG 2 KEGG orthology (KO) classification of the deduced protein sequences encoded by the ORFs identified on the
accessory region 1 amplicons recovered from BPS Kortrijk. BlastKOALA (KEGG Orthology and Links Annotation) was used
to assign KOs to the ORFs based on protein similarities using the reconstruct pathway output and to classify ORFs into
different functional categories. Numbers represent the number of protein sequences that were assigned to the indicated
KO category. In total 31.9% (137 ORFs) of the 430 ORFs were assigned a KO number of which 64 ORFs were not assigned
a functional category.
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catabolic gene functions encompassed a benzene 1,2-dioxygenase (ORF162), a pyru-
vate class II aldolase (ORF125), an amidohydrolase (ORF308) and a monooxygenase
(ORF72). No prediction of target xenobiotics could be made as AA similarity of these
gene functions ranged from 24.9% to 45.0%. In addition, a cellulase function (ORF280;
35.1% AA-ID) was retrieved (Table 2). Predicted resistance gene functions included
both metal and antibiotic resistances (Table 2), i.e., resistances to mercury (MerA; ORF5;
99.6% AA-ID), vancomycin (Ddl; ORF101; 60.8% AA-ID), tetracycline (TetA; ORF113;
100% AA-ID), sulfonamide (Sul1; ORF298; 100% AA-ID) and macrolide (ORF346; 64.1%
AA-ID). Other recovered resistance functions did not target a specific antibiotic and
included bleomycin-resistance like functions (ORF193; 32.5% AA-ID), major facilitator
superfamily transporters (ORF189; 33.9% AA-ID) and multidrug resistance transporters
(ORF112, ORF275 & ORF425; 43.4–93.6%AA-ID). Most predicted gene products that
were annotated as resistance conferring using BLASTp, including resistance to tetracy-
cline (ORF113; tetA), sulfonamide (ORF298; sul1), mercury (ORF5; merA) and a multidrug
resistance protein (ORF275 & ORF189), received an unclassified KO number and hence
were not retrieved within the antimicrobial drug resistance category of the KEGG anal-
ysis. Other often reoccurring gene functions that could be linked with adaptation
included transposase functions (9 ORFs) belonging to various insertion sequences
families, i.e., IS1071 (ORF167, ORF402), IS21 (ORF153, ORF173), IS6 (ORF83) and IS4/IS5
(ORF367).

Several functions of the recovered genes could not be directly linked to classical
adaptive traits resistance and catabolism. A frequently encountered group of genes
encoded homologues of ABC transporters (11 ORFs), comprising ORFs that show re-
semblance to the transportation systems of lipopolysaccharides (54.8–92.2% AA-ID),
ribose (35.4–67.6%) and peptides (35.6–67.6% AA-ID). Others encoded homologs of a
periplasmic nitrate reductase (contig 27, NapABD, 34.9% AA- 51.4%, AA-ID), a form II
aerobic carbon monoxide dehydrogenase (contig 20, CoxLMS, 33.4%–59.2% AA-ID)
participating in the Wood-Ljungdahl pathway (24), the SUF system for the biogenesis
of iron/sulfur proteins, consisting of two subcomplexes, i.e., SufBCD and SufSE, distrib-
uted over several contigs (contigs 23, 36, 58, 127, 50.4% to 70.9% AA-ID), glycosyltrans-
ferases (contig 24, 39% AA-ID), proteins involved in lipopolysaccharide (LPS) biosynthe-
sis and transport (contigs 65, 79, 98 and 112, LptA, LptC, KdsC and KdsD, 25.5% to
55.1% AA-ID), and sigma factors s32 (contig 96, RpoH, 89.0% AA-ID) and s54 (contig 3,
RpoN, 61.4% AA-ID) (see also Supplementary Annotation File).

Genetic organization and synteny of metagenomic LR-PCR amplicons. To gain
insight in the gene synteny of the complete LR amplicons, Mega-BLAST searches were
performed against the nt database. Sixteen contigs were identified that showed $95%
or more nt similarity with a sequence in the NCBI nt-database over a stretch of at least
85% of the complete contig length and containing two or more predicted ORFs (con-
tigs 1, 19, 21, 22, 27, 34, 35, 41, 44, 49, 52, 62, 86, 96, 102 and 121). Contigs 1, 21 and 86
contained the partial IncP-1 plasmid backbone sequence traC. The synteny analysis
showed that the merA homologue in contig 1 was part of a complete predicted mer-
cury resistance gene cluster encompassed in a transposon-like structure identical to
Tn5058 located in the accessory gene regions 1 of IncP-1z plasmid pMCBF1 (100% nt
similarity; AY950444) and IncP-1a plasmid pB11 (95% nt similarity; CP002152) (Fig. 3A).
In contig 86, the above-mentioned unspecified multidrug resistance function encoded
by ORF275, was encompassed in a region that showed 100% nt similarity to the acces-
sory region 1 of IncP-1« plasmids pEMT3 and p712.

Other contigs showing significant synteny did not include plasmid backbone genes.
The putative tetracycline resistance gene tetA (ORF113) present on contig 22 was
linked to its regulatory gene tetR (ORF114) as well as to the often associated EamA-
family transporter gene (ORF112). Contig 102 contained sul1 (ORF298) encoding sul-
fonamide resistance and also ORF299, encoding an uncharacterized protein, which of-
ten accompanies sul1. Interestingly, both the tetAR region on contig 22 and the sul1
region on contig 102 showed synteny with the respective tetAR and sul1 regions found
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on other plasmids, including the multidrug resistance IncP-1« plasmid pKJK5 where
both resistance functions are present together in accessory region 1 (Fig. 3B) (25).
Finally, the periplasmatic nitrate reductase napDAB gene cluster identified on contig 27
is almost identical (96% nt similarity) to that of the polyaromatic hydrocarbon degrader
Immundisolibacter cernigliae strain TR3.2 (CP014671). The same napDAB organization is
present in other bacteria, including Cupriavidus metallidurans CH34 (NC_007973).

Synteny was further explored using the BLASTp results of the ORFs in search of conserved
gene organization on contigs with less than 85% nt similarity (Supplementary Annotation
File). The predicted coxLMS operon recovered in contig 20 differed in organization from ca-
nonical cox operons encoding form I and II CO-dehydrogenases (26) (Fig. S3A) but showed
complete synteny with a cox operon in an unspecified betaproteobacterium (MERI01000190)
isolated from an aquifer system. Similarly, the three consecutive glycosyltransferase genes on
contig 24 showed a gene organization that is identical to gene clusters in the borneol
degrader Pseudomonas sp. TCU-HL1 and in the biphenyl degrader Pseudomonas pseudoalca-
ligenes KF707 (Fig. S3B). In contig 36, the gene cluster predicted to encode SufDS was located
upstream of the gene encoding a putative benzene 1,2-dioxygenase that contains a Riekse
[2Fe-2S] domain. The region showed substantial synteny with the gene cluster identified in a
Xanthomonadales bacterium (MIDT01000097) (Fig. S3C).

DISCUSSION
LR-PCR targeting IncP-1 cargo regions: opportunities and limitations. A LR-PCR

method that recovers and identifies the accessory region 1 of IncP-1 plasmid sub-
groups b , « and d was successfully developed. In spite of not being all-inclusive for
the entire IncP-1 plasmid group, the assay is highly relevant as the three target sub-
groups constitute the largest fraction of IncP-1 plasmids reported to date and are the
most frequently recovered IncP-1 carriers of xenobiotic catabolic gene functions in
environmental bacterial isolates (27, 28). We observed some a-specific amplification
due to the binding of the trbP_LR primer to sequences near the traC_LR primer bind-
ing site but this never interfered with the detection of the actual accessory region 1.
Furthermore, the a-specific amplification appears overruled when the canonical

FIG 3 Schematic representation of the gene synteny of resistance gene clusters retrieved on contigs of IncP-1 accessory region 1 amplicons recovered
from BPS Kortrijk. A) On contig 1 a complete Tn5058 is retrieved, containing a mercury resistance gene cluster (yellow) and transposition machinery (pink),
adjacent to a traC remnant (ORF12). Synteny with corresponding gene clusters on IncP-1 plasmids are shown by the gray shades ($95% nt similarity) and
IncP-1 backbone genes are represented in blue. B) The resistance mechanisms for sulfonamide (pink) and tetracycline (green), retrieved on, respectively,
contig 102 and contig 22, show great resemblance ($95% nt similarity, gray shades) with resistance gene clusters located on the accessory region 1 of the
multiresistance IncP-1« plasmid pKJK5. IncP-1 backbone genes are represented in blue.
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trbP_LR binding sequence is available. The latter is also suggested by the observation
that, in agarose gel electrophoresis, none of the BPS samples showed amplicon sizes
corresponding to the internal traC fragments expected to be generated by binding of
the trbP_LR primer to the matching sequence in traC. Moreover, due to the high speci-
ficity of the traC_LR primer, exclusively regions upstream of traC will be amplified
hence, including either other IncP-1 backbone genes or parts of the accessory region
1. Therefore, we did not consider this a-specific binding of trbP_LR as an limitation
especially since these amplicons will be recognized either by agarose gel electrophore-
sis or sequencing.

Since our primers were internal to conserved flanking backbone genes, the co-
amplification of these genes not only demonstrated that the correct region was ampli-
fied but also helped identifying the subgroup of the carrying IncP-1 plasmids. Indeed,
the amplified cargo regions originated predominantly from IncP-1b subgroup plas-
mids (9 contigs), followed by IncP-1« (4 contigs) and IncP-1d (2 contigs) plasmids
which is in accordance with Dealtry et al. (8) who demonstrated by trfA amplicon
sequencing the abundance of several IncP-1 plasmid subgroups in the same BPS ma-
trix, including these three, with the IncP-1b plasmids being the most abundant.

Important parameters of the LR-PCR method are the amplicon size and detection
limit. Our method enables efficient recovery of amplicons up to 21 kb. Similar maxi-
mum sizes were obtained using LR-PCR targeting the cargo of IS1071 composite trans-
posons (16). Reported IncP-1 accessory regions 1 in data bases are up to 45 kb but
76% of the IncP-1 plasmids (b , « and d ) in the NCBI database carry accessory regions
smaller than 21 kb, suggesting that a substantial fraction of the target can be covered.
The detection limit of the current LR-PCR method of 105 copies is about 1 order of
magnitude higher than LR-PCR targeting the IS1071 cargo genes (16) and endpoint
PCR targeting individual genes (29), but still in the range of reported environmental
IncP-1 plasmid abundances (9). As such, the LR-PCR method targeting the IncP-1 acces-
sory region 1 is able to selectively recover long IncP-1 accessory DNA fragments from
eDNA with sufficiently high sensitivity. Moreover, amplicon size profiling by agarose
gel electrophoresis provides an initial view of the recovered amplicon sizes and thus
allows the selection of samples that show unique amplicon sizes of interest for further
sequencing.

Overall, the new LR-PCR assay extends the culture-independent mobilome toolbox,
with the major benefit that it provides direct insight into the putative functions of acces-
sory genes that are carried by IncP-1 plasmids within a microbial community and hence
are prone to HGT as mediated by these highly promiscuous plasmids. The method sur-
passes other culture-independent methods in unraveling plasmid accessory genes like
shotgun or even long-read sequencing of total community DNA because these methods
are not able to sequence genes from rare community members without prior selective
enrichment. Even sequencing of community-wide plasmid extracts still suffers from poor
plasmid extraction efficiencies especially for larger plasmids like those of the IncP-1
group (8, 30, 31). Using long-read sequencing technologies to sequence these amplicons
will further improve assembly (32). Limitations include that larger accessory gene clusters
are missed and the potential recovery of chimaeras. However, we assume that chimaeras
are less likely to occur compared to amplification of highly homologous sequence as in
the case of bulk 16S rRNA gene sequence analysis since prematurely terminated ampli-
cons are less likely to reanneal to a different template DNA.

Limited variation of the IncP-1 accessory region 1 cargo in the BPS environment
over the course of an agricultural season.We have previously examined the dynamics
of the bacterial community composition as well as of the IncP-1 abundance/diversity
in BPS Kortrijk during the agricultural season of 2011 (but only encompassing samples
of March, July and September) (8, 9, 23). A small but clearly reduced diversity in com-
munity composition in the samples of July and September compared to those of
March, was observed, suggesting effects of the pesticide addition on the BPS commu-
nity (23). These overall community changes at genus level were, however, minor com-
pared to fluctuations in the composition of IncP-1 conjugative plasmids, which
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suggested that HGT is a crucial parameter in community development of an effective
pesticide degrading microbial community in the BPS. Indeed, increased numbers of
plasmids were observed in July/September along with changes in IncP-1 diversity with
the relative abundances of Inc-P-1b higher and those of IncP-1« lower than the re-
spective numbers and abundances in the March samples (8). The variation in the recov-
ered IncP-1 cargo size profiles and hence of the apparent diversity of IncP-1 cargo was
limited during the considered year, suggesting that the cargo size and likely its content
did not substantially change. This indicates that the BPS community makes use of an
IncP-1 population with an established cargo in accessory region 1. The BPS examined
in this study was already operational for 3 years during which a quite stable cargo set
in accessory gene region 1 might have established in the community or alternatively,
that another IncP-1 region was adaptive.

Only a minor fraction of the IncP-1 accessory region 1 carries catabolic genes in
the examined BPS community. We hypothesized that the BPS environment with its
high pesticide concentrations (16) would select for catabolic genes in accessory region 1
of IncP-1 plasmids. However, while catabolic genes were recovered, their frequency of
occurrence was relatively low, i.e., only 3% of the contigs contained catabolic gene homo-
logs. This was far below the 41% previously recovered as IS1071 cargo from the same BPS
environment (16). Hence, the IncP-1 accessory region 1 cargo did not mirror the most
obvious selective pressure in the BPS environment, i.e., the continuous input of pesticides.
This is in contrast to the IS1071 cargo and was unexpected since catabolic plasmids
derived from isolates from xenobiotic polluted environments often belong to the IncP-1
group and a substantial fraction of those contain catabolic genes in accessory region 1. In
our database, all 23 catabolic IncP-1 plasmids belong to the b , « or d subgroup and 44%
of these carry catabolic genes in this region. No reports exists on catabolic plasmids
belonging to the nontarget IncP-1 plasmid groups a, g, z and h . Moreover, catabolic
genes present on IncP-1 plasmids are often embedded in a composite transposon struc-
ture bordered by IS1071 elements (i.e., 71% of the catabolic cargo genes in our IncP-1
database). The presence of IS1071 in the IncP-1 accessory region 1 in the BPS community
was confirmed through the identification of its partial sequences in two rather small con-
tigs (contigs 39 and 221) containing almost exclusively of IS1071 sequences, likely due to
the repetitive nature of IS1071 leading to poor assembly. Dunon et al. (16) recovered a
large number of IS1071 composite transposons of less than 21 kb and therefore the
observed size limitation of 21 kb of the LR-PCR method is an unlikely explanation for the
poor recovery of catabolic genes. Otherwise, the presence of a noncanonical trbB_LR
primer sequence in IS1071 (see Table S2) observed with reference IncP-1b plasmids pI2
and pTB30, might have interfered with amplification of complete IS1071 associated com-
posite transposon containing accessory 1 regions. However, this is unlikely as the
sequence matching with the 39 end trbP_LR primer sequence in IS1071 was only 8 bp
long and did not affect amplification of the complete accessory 1 region containing IS1071
at a similar position in other plasmids like pNB8c. Moreover, the recovered IS1071 sequen-
ces of contigs 39 and 221 extended largely the IS1071 fragment that was expected in case
amplification occurred from 8 bp TrbP_LR primer matching sequence in IS1071. Therefore,
IncP-1-b , -« or -d plasmids that carry the IS1071 composite transposons containing cata-
bolic genes in accessory region 1 may only represent a minor fraction in the examined
BPS. Interestingly, Dunon et al. (16) found that (i) IS1071 composite transposons are also
present on other plasmids than IncP-1 plasmids and (ii) a third accessory region between
klcA and traM, previously identified in pB4 (33) and currently underrepresented in bacterial
isolates, might be another important hot spot of IS1071 associated catabolic cargo in IncP-
1 plasmids in the BPS environment. Apparently, accessory region 1 did not play a major
role in the pesticide catabolic adaptation of the BPS community. The lack of catabolic
gene functions in accessory region 1 of IncP-1 plasmids does however not necessarily
mean that the IncP-1 plasmids are not carrying gene functions involved in pesticide degra-
dation since these genes might be localized in the alternative insertion hot spot, accessory
region 2 between trfA and oriV, or as mentioned above in between klcA and traM. While
the insertion hot spot character of the region between klcA and traM is not fully clear yet,
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several attempts in our research group to develop a suitable primer sets for accessing
accessory region 2 between trfA and oriV, were unsuccessful.

IncP-1 plasmids are carriers of metal and antibiotic resistance genes in the
examined BPS community. In addition to catabolic genes and in contrast to the
observed IS1071 associated cargo (16), homologues to antibiotic and metal resistance genes
were observed as accessory region 1 cargo of IncP-1 plasmids in the examined BPS environ-
ment. Several of these demonstrated much higher sequencing coverages (up to 150–fold)
than the catabolic IncP-1 cargo and therefore are likely present at higher relative abundan-
ces than the catabolic functions (Table 2). Among the recovered predicted resistance gene
clusters was themer cluster conferring mercury resistance. Mercury resistance has been pre-
viously associated with IncP-1 plasmids with no preference for one of the two major IncP-1
insertion hot spots (34–36). mer clusters have also been linked to plasmids in the BPS
Kortrijk environment. Those plasmids were obtained from isolates from BPS Kortrijk (37) or
by exogenous isolation (22). As shown before, the occurrence of mercury resistance within
the BPS community cannot be directly related to a selection pressure (34, 35). The mercury
resistance may very well hitchhike with catabolic genes present in the other cargo insertion
sites on the plasmid. IncP-1-b and -« plasmids that carry both mercury resistance and cata-
bolic genes have been reported with either the mer cluster inserted in accessory region 2
and the catabolic genes in accessory region 1, or both determinants nested in accessory
region 2 (28, 36).

In addition to mercury resistance gene homologues, several predicted antibiotic re-
sistance genes (ARG) could be recovered. The most obvious ones included the primar-
ily clinically associated ARGs encoding sulfonamide (sul1) and tetracycline (tetAR) resist-
ance. The sul1 and tetAR genes were previously reported as cargo of either IncP-1b or
IncP-1« plasmids (38–41). Several IncP-1« plasmids carry both tetAR and sul1 nested to-
gether in accessory region 1 (39) while in the IncP-1b plasmid pB10, sul1 is located
within the intl1 integron in accessory region 1 and tetAR in accessory region 2 (40).
Several other ARGs were identified, although with less similarity, including a macrolide
antibiotic resistance. To date, IncP-1b plasmid pRSB111 from a wastewater treatment
plant isolate is the only plasmid that carries a macrolide resistance module, also in
accessory region 1 (42). Our findings are consistent with the previous detection of
these antibiotic resistance genes in BPS Kortrijk either by conventional PCR on eDNA
or in plasmid extracts from isolates (8, 37), including sul1 and tetAR but also others like
aadA and sul2 (8, 43). The occurrence of ARGs in BPS Kortrijk defined the BPS environ-
ment as a possible reservoir of ARGs (8, 43). We here show that at least some of these
ARGs are carried by IncP-1 plasmids and are therefore prone to HGT. BPSs should thus
be added to the list of potential reservoirs of promiscuous ARGs outside clinical set-
tings, joining soil, manure, wastewater treatment plants and biogas plant digestates
(28, 39, 41, 44). Since horse manure was added at the start of the spraying season as a
nutrient source in BPS Kortrijk, it may have introduced both a source, i.e., bacteria car-
rying ARGs, and the selection pressure, i.e., antibiotic compounds for plasmid borne
ARGs as previously suggested for manure amended soil (8). However, according to the
information provided by the operators of the examined BPS, antibiotics were not pres-
ent in the BPS influent water and hence might not compose a selective force.
Therefore, maintenance of ARGs in the BPS environment might be explained otherwise
than by direct selection by antibiotics. ARGs that determine export systems (like tetA)
might be involved in tolerance to toxic pesticides (45–47) or they might be selected as
a protective response to naturally produced antibiotics in the BPS environment, where
they might function as toxins or effectors (48). Otherwise, consistent with the mer
homologues, coselection of antibiotic resistances in accessory region 1 may have
occurred due to the physical linkage with catabolic genes located elsewhere on the
plasmids. Manure is not a frequently used ingredient of the BPS matrix and it remains
to be seen if communities of other BPSs carry (IncP-1 plasmid encoded) ARGs. Albeit,
their occurrence and mobile character in BPS Kortrijk emphasizes the need for careful
composition of the BPS matrix at startup, the safe operation of the BPS as well as the
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safe disposal of the spent matrix for reasons beyond the potentially high residual pesti-
cide content (18).

IncP-1 cargo includes a variety of gene functions not directly related to the
known selective pressures of BPSs. A diverse range of IncP-1 accessory region 1 associ-
ated gene functions were predicted that were not the typical adaptive trait determinants
like resistance and catabolism. The advantageous role they play in host fitness is currently
unclear and remains speculative, especially since % AA identity with known functions did
often not exceed 60%. Moreover, a substantial number of ORFs could not be assigned a
function. Sentchilo et al. (30) also recovered plasmid genes encoding nontypical accessory
functions such as membrane transport and stress-relief gene functions as well as a large
number of unknown genes, when sequencing plasmids directedly extracted from waste-
water sludge while Shintani et al. (2020) observed a wide variety of accessory gene func-
tions, including unknown ones, in IncP-1 plasmids exogenously isolated from the rhizo-
sphere of lettuce and tomato plants grown in unpolluted soil (49). Similarly, the IS1071
accessory genes identified by Dunon et al. (16) in the BPS included 30–40% of unknown
gene functions and various gene functions that were not obviously adaptive. A possible
explanation is that these traits are involved in regulating and optimizing catabolic gene
functions or assist the cells in coping with direct or indirect stress exerted by the pollution.
For instance, the recovered gene functions predicted to be involved in the biogenesis of
iron/sulfur proteins (suf-gene functions) could aid in the synthesis of xenobiotic degrada-
tive mono- and dioxygenases containing the iron-sulfur Rieske [2Fe-2S] domain in their
catalytic site (50). Similarly, predicted ABC transporters might be involved in uptake of
xenobiotics for degradation or otherwise in their export to reduce toxicity (51).
Alternatively, other unknown environmental factors beyond the pesticides may select for
these traits. For instance, the putative glycosyltransferases might take part in the function-
alisation of the lipopolysaccharides in the outer membrane of Gram-negative bacteria,
which in turn would contribute to resistance to antimicrobial agents produced by other
organisms in the BPS environment (52). Similarly, the predicted periplasmic nitrate reduc-
tase (napDAB-operon) was initially identified for its role in prokaryotic anaerobic nitrate res-
piration, but its function is diverse, including nitrate scavenging and pathogenicity, which
might create competitive advantages in the BPS environment (53). Alternatively, as sug-
gested for themer and ARG homologues, these functions may just hitchhike with catabolic
genes elsewhere on the plasmid. Finally, it is also possible that during their transfer among
bacteria, IncP-1 plasmids acquire non-host-beneficial genes at sufficiently high frequencies
for us to detect them during this ‘snapshot’ in time and hence that these genes are in fact
remnants of random recruitment. Whatever the explanation, the wide variety of recovered
cargo gene functions, including atypical adaptive trait determinants and unknown func-
tions, emphasizes the role of IncP-1 plasmids in bacterial community diversification in the
BPS environment and shows the potency of the LR-PCR method in acquiring new informa-
tion on IncP-1 plasmid ecology in complex microbial communities.

MATERIALS ANDMETHODS
Plasmids and plasmid extracts used in this study. Plasmids used in this study and their host spe-

cies are presented in Supplementary information Table 3. Host strain cultivation and plasmid extraction
from the bacterial cultures were performed as previously described (16).

BPS samples and eDNA. The high molecular weight (HMW) eDNA extracts used for long-range PCR
were those that were previously reported in Dunon et al. (16) The extracts originated from biomix sam-
ples taken from a BPS operating since 2008 at an agricultural farm in Kortrijk, Belgium. Detailed informa-
tion about the sampling procedure of the biomix is found in Dealtry et al. (8) Briefly, samples were col-
lected before the annual startup of the BPS system in March 2011, during the spraying season in July
and September 2011 and 2 weeks after closing operation in December 2011. Sampling was performed
by dividing the BPS (length 20 m, width 1.2 m, depth 1 m) into four sampling sections of 5 m distance
and in each section, 12 biomix cores (Ø4 cm; until 10 cm depth) were randomly collected. The cores
were mixed per section and the mixed material was sieved (2 mm pore size), resulting as such in 4 com-
posite samples per time point, i.e., 16 composite samples in total. The HMW eDNA originated from
300 mg wet weight material (16). A complete list of all active substances used on the farm in Kortrijk
during the agricultural season of 2011 is given in Table S3.

Long-range PCR. A data set of 63 reference full IncP-1 plasmid sequences, including eight IncP-1a,
39 IncP-1b , three IncP-1g, three IncP-1d and 10 IncP-1« plasmids, was collected from the NCBI database
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(see Supplementary Information). Forward primer and reverse primer for LR-PCR targeting accessory
gene region 1 were designed within traC and trbP and were designated traC_LR (59-GRCGATGCARTA
CATCCAGGAGGACGGCAC-39) and trbP_LR (59-CBTTCTAYGCCTATTACCCGCTGCACCTGG-39), respectively
(Fig. S1). The traC and trbP sequences were aligned with CLUSTAL X (54) and degenerate primers were
manually designed. The LR-PCR was performed in 25 ml containing 1 U Long PCR enzyme mix (Thermo
Scientific, Germany) and 1� Long PCR buffer, 200 mM each dNTP, 0.1 mg ml21 BSA, 4% (vol/vol) DMSO
and 0.4mM primers traC_LR and trbP_LR, and template DNA. Amount of used template DNA was around
100 ng per reaction in case of plasmid DNA and 20–30 ng in case of eDNA. The PCR included an initial
denaturation of 2 min at 94°C, 10 cycles of 20 s at 94°C and elongation of 16 min at 68°C, followed by
20–25 cycles in which the elongation time extended with 5 s every cycle and ending with an elongation
step of 10 min at 68°C. PCR products were separated by agarose gel electrophoresis (0.8%) in Tris-ace-
tate/EDTA buffer and visualized using 1� GelRedTM (Biotium).

Southern blot hybridization. A 10ml aliquot of LR-PCR products was digested with 1U of restriction
enzyme AhdI (Thermo Scientific, Germany) according to the manufacturer’s recommendations. The
restriction fragments were blotted and hybridized using a dcaQ probe as previously described (16).

De novo sequencing of LR-PCR amplicons and annotation. LR-PCR amplicons were ethanol precipi-
tated in 10 mM Tris-HCl/EDTA [pH 8.0]. High-throughput sequencing was performed by BGI Hong Kong,
based on an insert library of 500 bp and paired-end sequencing on the HiSeq 2000 (Illumina) platform. The
online data platform KBase (55) was used for performing the read assembly with metaSPAdes v1.1.1 (56).
Gene prediction and annotation was performed by combining RAST (57), HMMER (58), BLASTp (59) and
MegaBLAST (59), using the best hit approach for similarity inference. KEGG Orthologies (KOs) were assigned
by BlastKOALA (KEGG Orthology and Links Annotation), using the “species_prokaryotes” database, and classi-
fication in functional categories was performed using the reconstruct pathway output (60). Synteny was
identified using MegaBLAST (59) on the complete contigs against the nt database, for highly similar gene
organizations, and BLASTp on the ORFs sequences for gene organization with nt similarities$ 85%.

Data availability. Raw sequences are deposited in the Sequence Read Archive under the BioProject
PRJNA278476. Assembled and annotated contigs are deposited in the GenBank database with accession
numbers MK843322 to MK843654.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 1.6 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.3 MB.

TABLE 3 IncP-1 plasmids used in this study

Plasmid Hosta Size (kb)
trbP-traC amplicon
size (bp) Relevant characteristics

Plasmid sequence
accession no.

IncP-1a
RP4 Escherichia coli 60 - ApR; KmR; TcR L27758
pSP21 Escherichia coli 73 - KmR; TcR CP002153

IncP-1b
R751 Escherichia coli 53 9807 TcR; KmR U67194
pNB8c Escherichia coli 60 20888 3,4-DCAC JF274990
pUO1 Delftia acidovorans 67 13149 HaloacetateC AB063332
pAKD18 Pseudomonas putida 67 3433 HgR JN106169
pTB30 Escherichia coli 79 39756 3-CAC JF274987
pI2 Escherichia coli 84 30601 3-CAC JF274989
pADP-1::Tn5 Escherichia coli 109 - KmR; AtrazineC U66917

IncP-1d
pAKD4 Pseudomonas putida 12351 HgR GQ983559
pEST4011 Alcaligenes xylosoxidans 77 - 2,4-DC, 3-CBC AY540995

IncP-1«
pAKD16 Escherichia coli 12892 HgR JN106167
pKJK5 Escherichia coli 54 17257 TcR AM261282
pEMT3 Escherichia coli 63 3526 KmR, 2,4-DC, 3-CBC JX469827

IncP-1g
pMBUI1a Escherichia coli 44 - JQ432563
pQKH54 Escherichia coli 70 - HgR AJ744860

aHosts are the bacteria in which the plasmids were propagated for extraction and not necessarily the original hosts. Ap, ampicillin; Km, kanamycin; Tc, tetracycline; Tm,
trimethoprim; 3,4-DCA, 3,4-dichloroaniline; 3-CA, 3-chloroaniline; 2,4-D, 2,4-dichlorophenoxyacetic acid; 3-CB, 3-chlorobenzoate; R: resistance gene cluster; C: catabolic gene
cluster.
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